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Electromechanical wave in power systems: theory
and applications
Yan XU, Fushuan WEN (&), Gerard LEDWICH,
Yusheng XUE
Abstract The continuum model is a key paradigm
describing the behavior of electromechanical transients in
power systems. In the past two decades, much research
work has been done on applying the continuum model to
analyze the electromechanical wave in power systems. In
this work, the uniform and non-uniform continuum models
are first briefly described, and some explanations borrow-
ing concepts and tools from other fields are given. Then,
the existing approaches of investigating the resulting wave
equations are summarized. An application named the zero
reflection controller based on the idea of the wave equa-
tions is next presented.
Keywords Power system, Electromechanical wave
propagation, Continuum model, Zero reflection controller
1 Introduction
The electromechanical wave theory introduces a set of
models and analytical tools, which provide explanatory and
predicting power on how the electromechanical disturbances
propagate in a power system. Unlike the traditional method
of studying the electromechanical transient phenomena by
differential algebraic equations, the electromechanical wave
theory introduces partial differential equations known as
wave equations to model the transient process in power
networks. Obviously, the solution of the partial differential
equations exhibits travelling wave behaviour. By doing this,
the concepts and tools in the research field of wave equations
can be applied to the analysis of electromechanical transients
in power systems. This theory casts a light on the global
understanding of power system transient behaviour, and can
also explain the wave-like behaviour with velocity greatly
less than that of light observed in power systems by phasor
measurement units (PMUs) [1].
The propagation of electromechanical disturbances,
considered as travelling waves, first appeared in 1974. In
[2], the second-order linear hyperbolic wave equation is
derived with constant parameters from a swing equation in
the context of the idealized continuum limit. Here, Sem-
lyen took the power network as a homogeneous and iso-
tropic system with lossless transmission lines and
generators reduced to voltage sources behind a constant
reactance. Cresap and Hauer [3] went further in 1981,
studying what would emerge from the Western Power
System in USA with the continuum model. By comparing
observed data of the actual system with the model fre-
quencies obtained from the simple wave equations, they
conjectured that the continuum model can provide infor-
mation about the low frequency modes of the system. In
Dersin and Levis [4] the homogeneity and the isotropy
constraint are relaxed by dividing the network into cells
and averaging the system parameters within each cell. His
resulting description is a second-order linear elliptic
equation. In Thorp et al. [5] reconstructed the similar
model in a simple case consisting of generators and
transmission lines with the same per-unit length line
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impedances. In their following work [6], they employed
many assumptions made by Semlyen and Dersin into
account. These additional factors appear in the continuum
model as nonlinear terms, which is indispensable in dis-
cussing the disturbance propagation velocities and their
stability. In [7], the derivation of the continuum model is
presented, making an analogy between power networks and
multi-mass disks. In [8], the approximately analytical
solutions of the non-uniform continuum model are
obtained by borrowing the method of wave propagation in
non-uniform media, the so-called Wentzel-Kramers-Bril-
louin-Jeffery (WKBJ).
The organization of this paper is as follows: Sect. 2
summarizes the basic concepts and derivation of various
versions of continuum models. Sect. 3 is devoted to the
analysis tools of continuum equations. Section 4 presents
the application of the zero reflection controller based on
continuum equations. Some open questions are outlined
and future research areas prospected in Sect. 5.
2 Uniform and non-uniform continuum models
2.1 Thorp’s version
2.1.1 The uniform version
In [5], J. S. Thorp et al. discussed how to derive the
continuum model. They preceded this using the simplest
network depicted in Fig. 1. This network consists of gen-
erators interconnected with transmission lines having a
series resistance-inductance impedance.
Applying the Kirchoff’s current law at node (x, y), the
following equation can be obtained:
Iðx; yÞ ¼ 1
Z
ð4Eðx; yÞ  Eðx þ D; yÞ  Eðx  D; yÞ
 Eðx þ D; y þ DÞEðx þ D; y  DÞÞ
þ DYEðx; yÞ ð1Þ
where DY is the shunt admittance.
Substituting the Taylor series expansions of E(x ? D,
y), E(x - D, y), E(x, y ? D), and E(x, y - D) about E(x, y)
up to the fourth order into the above, (1) becomes
Iðx; yÞ ¼ D
2
Z





þ DYEðx; yÞ ð2Þ
Now, considering the source voltage as a constant in
magnitude and a variable in phase d, the power injecting
into node (x, y) can be expressed as






where G = Re{Y}.
The classical model describing the electromechanical
transients in power networks is the so-called swing equa-
tion. By introducing a set of units defined relative to a








¼ Pa ¼ Pm  Pe ð4Þ
where H is the inertia constant in seconds; x0 is the rated
electrical angular frequency or synchronous speed; D is
the rotor damping constant in s2; Pa is the accelerating
power; Pm is the mechanical input power; Pe is the elec-
trical output power; and d is the rotor angle with respect to
a synchronously rotating reference frame in electrical
radians.
In the continuum model, the parameters of the swing
equation are taken as the functions of the spatial coordi-
nates x and y, which is:
H ! Dhðx; yÞ D ! Ddðx; yÞ
Z ! Dzðx; yÞ Pm ! Dpmðx; yÞ






 v2r2d þ u2ðrdÞ2 ¼ P ð5Þ
where v2 ¼ xV2 sinh
2h zj j ; u
2 ¼ xV2 cosh






is the line impedance angle; V is the voltage magnitude;
and G is the line conductance.
This is the so called continuum model. This model
represents an alternative approach to analyse the electro-
mechanical transients in power systems. The classical
swing equation modelling the dynamics of rotors indirectly
reflects the propagation of electromechanical transients in
power networks suffering a disturbance. The continuum
model assumes that each generator/load in a power system
be represented as a continuum. The travelling solutions of
this model demonstrate the disturbances of all generators,Fig. 1 Distributed power system model
164 Yan XU et al.
123
and directly show the propagation of electromechanical
transients. The rationality of this partial differential equa-
tion model lies in the fact that the disturbances in realistic
power networks propagate with a speed much less than
light. Another benefit of this model involves the stability
analysis. It is usually difficult to discuss the stability of
generators one by one in multi-machine systems, since the
number of generators could be very large. The continuum
model overcomes this obstacle by the stability analysis of a
continuum system.
2.1.2 The non-uniform continuum model
In [5], the per-unit length line impedances of transmis-
sion lines are assumed the same, and the orientation of the
branches connecting the nodes allows for 0 or 90 with
respect to the reference axis. Due to these assumptions the
derived continuum model is of the so-called uniform form.
In [6], these prerequisites are relaxed to reflect the
anisotropy and heterogeneity. In turn, the countable finite
branches connecting to the nodes allow for different per-
unit length line impedances, and intersect with angle hi
with respect to the reference axis.
Consider a line i connected to a generator. The two parts
of this line which are at the left side and the right side of
the x-axis are denoted as ‘‘-’’ and ‘‘?’’, respectively. The








angle hi of the line with respect to the reference axis is
nonisotropic. Gint - jBint and Gs - jBs denote the per-unit
length generator internal admittance and shunt admittance,
respectively. The unit length of the line is D, and ri is a unit
vector. The internal and external voltage phase angles of
the generator are /ðxÞ and dðxÞ, respectively. When D
approaches to zero, the discrete system transforms into a
so-called continuum system.



















sinðdðxÞ  dðx  DriÞÞ ð6Þ
Given that the incremental unit D is small, by applying
the Taylor series expansion, the following expressions can
be obtained:
dðx þ DriÞ ¼ dðxÞ þ ½ðri  rÞdðxÞD
þ 1
2
½ðri  rÞ2dðxÞD2 þ oðD3Þ ð7Þ
and
dðx  DriÞ ¼ dðxÞ  ½ðri  rÞdðxÞD
þ 1
2
½ðri  rÞ2dðxÞD2 þ oðD3Þ ð8Þ
Using trigonometric equations for a sufficiently small D,
(6) becomes
Pei ¼ ðri  rÞ½Biðri  rÞdD þ Gi½ðri  rÞd2D
þ oðD3Þ ð9Þ
The above equation can be rewritten in a more
compacted form as
Pei ¼ ½r  ½BiðrdÞ þ rd  Gi  rdD þ oðD3Þ ð10Þ
where
Gi  jBi ¼ ðGi  jBiÞ cos
2 hi sin hi cos hi




Now assuming that there are N lines, then the total












sin hi cos hi
"




The active power Pe supplied by the generator is
Pe ¼ DGint½cosðdðxÞ  /ðxÞÞ  1
 DBint½sin(dðxÞ  /ðxÞÞ
ð14Þ
Since the difference between the electrical and mechanical







¼ Dpm  Pe ð15Þ
The parameters m, d and pm are the generator inertia,
damping, and mechanical power, respectively.
Thus, the following equations are obtained:
r  B(rdÞ  þ rd  G  rd ¼ Gint½cos(d /Þ  1







¼ pm  Gint½1  cos(/ dÞ
 Bint½sin(/ dÞ ð16bÞ
In practice, the structure of a power network is alike a
mesh in the plane while generators and loads locate at
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discrete node in the network. An alternative is to consider
the system parameters are smooth functions of spatial
coordinates, which define a partial differential equation
while they make the network structure preserved. Thus, the
continuum model’s parameters are parted into two groups:
line parameters, such as G and B, describing a mesh in
spatial coordinates; and nodal parameters, such as m, d, pm,
Gint, Bint, describing generator and loads in a power
network [6].
Let the distributed real power be pðxÞ, then Pe ¼ DpðxÞ.
So the following expression holds in spatial coordinates:
PðxÞ ¼ r  BðrdÞ  þ rd  G  rd ð17Þ
Since the per-unit length reactance is high with respect to
resistance, namely B  G in a lossless network or high
voltage networks, the second term in the right hand of (17)
can be neglected. Hence (17) reduces to:
PðxÞ ¼ r  B(rdÞ  ð18Þ
This equation embodies the significant insight of the
power networks.
Let
pðxÞ ¼  B(rdÞ  ð19Þ
then p is a vector field in the two dimensions plane.
Compared with the conventional power flow equations, the
vector field can be viewed as the active power flow density.
Then, pðxÞ measures the active power flow density that
flows out of a point x in the network. Bearing the principle
of continuity in physics in mind, which states that, in the
absence of the creation or destruction of matter, the density
within a region of space can change only by making it flow
into or away from the region. It holds that if the divergence
of p is positive at a point, the point is a source of power.
Otherwise, if the divergence of the vector field is negative
at the point or region, then the point or region is a sink.
Another interesting characteristic is that, if matrix B and
G are assumed to be symmetrical second-order tensors, the
anisotropic transmission lines can be analysed by tensor
analysis. Reference [6] also demonstrates how these pro-
cedures proceed.
2.2 Wang’s version
In [7], Delin Wang developed a similar continuum
model in the simplest chain network with the same per-unit
length admittance. The difference lies in that the contin-
uum model is obtained through the wave equation of the
forced torsional vibration equation of multi-mass disks in
continuum. To that end, the electric power transmission
through a transmission line is taken as the mechanical
power through a shaft in multi-mass disks; a transmission
line is treated as a shaft with elasticity but no inertia in a
torsional vibration system. Bearing these similarities, the
wave equation of electromechanical transients is derived.
The correspondence between the variables in power
systems and the variables in multi-mass disks is also
discussed.
A classical forced torsional vibration system is com-
posed of N disks with different inertia constants aligned in a
straight light elastic shaft. For an ideal elastic shaft of length
l without inertia and within its elastic limit, the following




where k is the torsional rigidity, and k ¼ 1
2
Kpr4 when the
elastic shaft is a solid cylinder with radius r and modulus
with rigidity K.
Using X to represent the angular velocity of the shaft,
then
Pm ¼ TX ¼ kX
l
h ð21Þ
where Pm is the shaft power.
Labeling the internal damping coefficient as e, the
internal damping torque Te can be described as
Te ¼ e
l




Under some assumptions, the equation set describing the







¼ TiR; i ¼ 1; 2; . . .; N ð23Þ
where hi is the torsional angle; Ji0 is the moment of inertia
of the ith disk; di
0
is the damping coefficient; and TiR is the
total driving torque imposed on the ith disk.
If there are infinite disks spread along the finite length
shaft, the distance between two disks can be considered as
an infinitesimal. Therefore, the continuum model of tor-














Consider the simplest chain system with each bus
connected with a generator and a load, and buses
connected by transmission lines in series. The length of a
transmission line is l, the per-unit length impedance and the
per-unit length admittance are r0 ? jx0 and g0 - jb0,
respectively. Then,
G ¼ g0l ¼ g
l
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The active power injected into the transmission line




where V^i ¼ Vi\hi and V^iþ1 ¼ Viþ1\hiþ1 are the bus
voltages, hi,i?1 = hi - hi?1 is the voltage angle difference.





hi;iþ1 ¼ B  hi;iþ1 ð27Þ
The line loss can be calculated as
Pr ¼ I2R ¼ R









Comparing (21) with (27), and (22) with (28), it is obvious
that the electrical power flow in a transmission line has the
same mathematical form as the mechanical power through a
shaft. Thus, the chain power system is mathematically
equivalent to the forced torsional vibration system of multi-
mass disks, and the wave equation of the electromechanical





























where h and d are the distributed inertia and the damping
constant, respectively, and x is the electrical angular velocity.
3 Analysis technique
3.1 Quantitative analysis
In [8], Delin Wang employed the WKBJ to approximate
the analytical solutions of a non-uniform continuum model.
The dynamic behaviours describing the generator rotor’s























where m(x) is the per-unit rotor’s inertia, and b(x) is the
per-unit length line susceptance. x represents an one-
dimension spatial coordinate.
Let x denote the rotor’s relative angular speed, and let
xðx; tÞ ¼ XðxÞejxt
pðx; tÞ ¼ PðxÞejxt
(
ð32Þ




















Assume that b(x) and m(x) are continuous functions of



































where mðxÞ ¼ ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃbðxÞ=mðxÞp is the propagation speed of the
wave crest.
Following the WKBJ approximate method of the clas-
sical wave motion theory in the non-uniform media, let
XðxÞ ¼ X0ðxÞ  exp½jMðxÞ
PðxÞ ¼ P0ðxÞ  exp½jNðxÞ
(
ð35Þ
Then, the WKBJ solution in the form of (32) can be
obtained as
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It is difficult to integrate the analytical solution of the
continuum model because its coefficients are functions of
spatial coordinates. But if these coefficients are assumed to
be constants, an analytical solution can be obtained, and to
some extent explains the behaviour of power networks.
However, this method ignores some characteristics of the
power network. New tools, such as the Green function [9–
11] or other numerical method, need to be employed to
solve the partial differential equations. A simplified method
to integrate the continuum equations numerically is pre-
sented in [12], where the concepts and tools in electro-
magnetic equations, such as the finite-differencing
scenario, are applied to the solution of continuum power
networks. By doing this, software designed for electro-
magnetics can be used for continuum power systems.
This method of using commercial software leads to
several advantages, among them increased flexibility and
reduced computational time.
3.2 Qualitative analysis
In [13], an analytical approach is proposed to study the
propagation mechanism of electro-mechanical disturbances
in a chain power system. Applying the Laplace transform
to a mulit-segment uniform chain discrete power system
can reveal significant characteristics of electromechanical
disturbance propagation. Specifically, the analytical
expression with respect to time, the reflection and trans-
mission formulations can be carried out.
A mulit-segment uniform chain discrete power system
includes two parts, parts I and II. Both parts are composed of
the cascades of multiple T-type links. Part I consists of a
transmission line with resistance R1/2, reactance X1/2, and a
generator with rotor inertia M1 and damping D1. Part II con-
sists of a transmission line with resistance R2/2, reactance X2/
2, and a generator with rotor inertia M2 and damping D2.
Provided that there are q buses connected to a generator
with rotor inertia constant M1 and damping D1, then the swing








xIkþ1 þ D1 xIkþ1 ¼ ðpIkþ1  pIkÞ
8><
>: ð37Þ
where 1 B k \ k ? 1 \ m.
Using the Laplace transform yields
Z2P
I
k1  ðZ1 þ 2Z2ÞPIk þ Z2PIkþ1 ¼ 0 ð38Þ
where Z1 = R1
0
?sX1, and Z2 = 1/(D1 ? sM1).
Similarly, for Part II we have
Z4P
II
k1  ðZ3 þ 2Z4ÞPIIk þ Z4PIIkþ1 ¼ 0 ð39Þ
where Z3 = R2
0
? sX2, Z4 = 1/(D2 ? sM2) and m ? 1 B
k \ k ? 1 \ q.
Let the trial solution of incremental power on the
transmission line between buses k and k ? 1 be




where A1, A2, A3, v1 and v2 are unknown complex
constants.
Thus, the following results can be obtained:
A1 ¼ E
Z2 sinh v1ð1 þ n2e2mv1Þ
A2 ¼ n2e2mv1 A1
A3 ¼ E  g2e
mðv1v2Þ




n2 ¼ Z4 sinh v2  Z2 sinh v1
Z4 sinh v2 þ Z2 sinh v1
g2 ¼
2Z4 sinh v2




Let n2 and g2 be the reflection coefficient and transmission






kv1  n2e2mv1 ekv1
1 þ n2e2mv1
xIk ¼ ½PIk1  PIkZ2 ¼
E  ð1  ev1Þ
shv
 e






I is the angular velocity at bus k in Part I.







xIIk ¼ ½PIIk1  PIIk Z4 ¼









II is the angular velocity at bus k in Part II.
Let the reflection coefficient be a real number. By
neglecting the rotor damping coefficient D and the line
equivalent loss coefficient and performing the inverse




 E½J2k  n2J2ð2mkÞ  n2J2ð2mþkÞ
þ n22J2ð4mkÞ þ n22J2ð4mþkÞ  n32J2ð6mkÞ    






 n2J2ð2mþkÞþ1  n22J2ð4mkÞþ1




168 Yan XU et al.
123
PIIBkðtÞ ¼ 2g2 
E
X2
½J2k  n2J2ð2mþkÞþn22J2ð4mþkÞ þ   










Equations (45) and (46) reveal a significant characteristic
that a linear combination of different orders of the Bessel
function can represent the analytical solution to the
equations governing electromechanical disturbance
propagation in a multi-segment uniform system. Hence,





where f is a positive integer function, and {kk} is a linear
base of the Hilbert space.
Considering the properties of the Bessel function, the
average velocities of the electromechanical disturbance














An alternative method of analysing the continuum
model is the so-called Lyapunov first method, also
known as the small signal analysis method. However, a
weakness of this method is that simplification of some
nonlinear factors is inevitable.
4 Applications: zero reflection controller
Since electromechanical disturbances propagate as
travelling waves, a controller oriented from impedance
matching on transmission lines is constructed to quench the
caused disturbances. In [14, 15], zero-refection controllers
based on an impedance matching constraint at the bound-
ary of the network dramatically suppress the propagation of
the electromechanical waves.
4.1 The principle of zero reflection controllers
In [16], a one-dimension network with homogeneous
lossless transmission lines is considered, and the damp of
the generator’s rotor is neglected. Under some certain
assumptions, which are studied detailedly in [16], the fol-











where z-1 = g - jb. Z is the impedance in per unit length;
h is the inertia constant per unit length; d is the damping
coefficient per unit length; the voltage magnitude E is
constant in space and time.
Comparing (49) and (50) with the standard telegrapher’s
equations for electromagnetic waves on a transmission line,
it is self-evident that P plays the role of line current and x










With regard to a two-dimensional network, a similar der-
ivation lead to the same type of equations, in which the
Laplacian operator replaces the second derivative with
respect to x. However, the units of the parameters are now
different. Fortunately, a realistic power system could be
thought of an interconnection of various one-dimensional
lines.
Equation (51) is a wave equation, and the characteristic
propagation velocity is given in the follow form:
v ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
xV2 sin hð Þ=2h zj j
p
ð52Þ
In [14], a string system with 64 identical generators
connected to uniform transmission lines is studied to
investigate the wave travelling in one-dimension power
systems. The forward and reverse propagating waves and
their reflections at the open-ended boundaries of the string
of generators can be observed. The slow dispersion of the
wave attributes to the generator damping and the
dissipative component of the line impedance. It can be
demonstrated that the theoretical value of the propagating
time of the electromechanical waves agrees well with the
numerically result [14].
The formulation of calculating wave length k associated




where f is the frequency of the swing mode driving the
wave-like propagation.
The electromechanical waves are analogous to travelling
electromagnetic waves on transmission lines. As for
transmission lines, current and voltage are used to describe
the travelling waves, and the reflection is characterized in
term of reflection coefficients in the light of the charac-
teristic impedance of the lines. Additionally, proper
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termination can set the refection coefficient to zero, which
excludes any refection on the line.
In the case of the power system model, which displays
electromechanical wave phenomena, the variables fre-
quency and power flow naturally play a similar part as
voltage and current in the electromechanical transmission
line case do. To associate the characteristic impedance with
P and x, Let the two variables regarding forward travelling
waves be:
Pþ ¼ Pðt  x=vÞ ¼ PðyÞ ð54Þ
xþ ¼ xðt  x=vÞ ¼ xðyÞ ð55Þ















This implies that the forward propagating waves in term
of power flow and frequency remain in a constant
proportion. The characteristic impedance, or propor-







At the termination of the string, the forward and reverse
travelling waves must sum in a particular way to satisfy the
imposed boundary condition. For example, if one
termination is open, power flow is equal to zero, then the
sum of the reverse travelling wave and the forward
travelling wave must be zero at the boundary which
means they are opposite number. This case is equivalent to
a negative reflection in power flow and a positive reflection
in frequency. If the string of generators is connected to a
so-called infinite bus at which the frequency remains
constant, then the forward travelling wave in frequency
must be a negative reflection of the reverse travelling wave.
This is equivalent to a positive reflection for power flow
and a negative reflection in frequency.
4.2 The zero reflection control
Based on an approach used in the classical electro-
magnetic transmission line theory, if assume a time har-
monic electromechanical wave excitation, then the time-
harmonic telegrapher’s equations is employed, which are
ordinary differential equations in x for the x(x) and P(x).
Thus, the solution of this equation can be derived for the
frequency and power, respectively. In turn, these results
can be used to calculate the reflection coefficient and
transmission coefficient easily.
The typical case dealt with in the electromagnetic
transmission line theory addressed only one transmission
line ended with the load impedance C. Matching this
impedance with the characteristic impedance yields zero
reflection.
Changing the parameters of C, xC, and Pc results in
various kinds of electromechanical wave controllers. These
control laws stem from the aforementioned electrome-
chanical wave theory but will be realized on discrete
nonuniform power networks, where the wave behaviour
might not exist apparently. The zero-transmission con-
troller aims at quenching the perturbation in [16].
In [14], it is shown that how this impedance matching
scheme can be implemented with the nonlinear discrete
swing equation of a generator.
The similarity of electric power P and frequency x to





which is the controlled variable.
The control law




 P þ Dx ð60Þ
is proposed to design the zero-reflection control. Here, K is
a gain, Pg is the deviation of P from its nominal value. This
controller can be implemented if the parameters C and
D need be estimated properly, and P and x be measured
accurately.
Simulation results show that this control law achieves to
some extent the eradication of the reflection observed in the
string system. In fact, the controller does not completely
exclude reflections. One of the explanations is attributed to
the difference between the wave equation model used to
derive the controller and the simulation model. The former
is continuum, linear, and neglects damping; the latter is
discrete and of nonlinearities. Besides, the implementation
of the controller is to feedback the control signal to an
input into a generator, not achieved directly.
It is also possible to design a zero-reflection controller
by manipulating the power flowing into the terminal load in
a string of generators, and a method for this objective is
proposed in [17].
4.3 Estimating the generation trip event
Since an electromechanical disturbance is propagating
as a wave, a generation trip event can be estimated by
synchronized phasor measurements [20].
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Let the location of a frequency measurement unit and
the detection time be (xi, yi) and ti, respectively. The index
i (i = 1,2,…,N) denotes the ith frequency measurement unit
deployed in the monitoring area. Let (xe, ye) and te repre-
sent the location and time of an event, respectively. Now
the values of (xe, ye) and te need to be estimated so as to
obtain the information corresponding to the event. Let the
distance between the event and the ith measurement unit
take the following form:
L2i ¼ ðxi  xeÞ2 þ ðyi  yeÞ2 ð61Þ
Denoting the average speed of the electromechanical wave
as V, Li can be expressed as
Li ¼ Vðti  teÞ ð62Þ
Substituting (62) into (61), then there will be three
unknown variables. If the number of the frequency mea-
surement units is more than four, then the above two
equations can be solved in light of the linear square
method. The value of (xe, ye) and te can be obtained next.
5 Concluding remarks
In recent years, electromechanical wave propagation in
power systems has received more and more concerns. In
this paper, a brief description on the major versions of
continuum models is first given. One of the principal goals
is to demonstrate the applicability of the relevant concepts
and approaches developed in other fields. For this purpose,
some representative examples like adopting tensor analysis
to explain the equation describing the structure of the
network equation are investigated in detail, and the deri-
vation of the continuum model from the multi-mass disks,
the numerical solution of a continuum model by the
method in electromagnetic equations, and the analytical
solution of the continuum model in the WKBJ approxi-
mation. It is also discussed on how to employ traditional
tools, such as small signal analysis to address the contin-
uum model. Finally, some applications of the zero reflec-
tion controller based on continuum model are investigated
to mitigate the electromechanical disturbances.
Unfortunately, the well-established small signal stability
analysis method cannot accommodate the nonlinear term in
the continuum model, which is of importance for describ-
ing the behaviour of power networks. Extending the
research work towards the qualitative analysis of contin-
uum models is highly expected.
One of the most striking applications of the continuum
model in power networks is the electromechanical wave
controllers aiming at reducing electromechanical distur-
bances, such as the zero reflection controllers. However,
the influence of those controllers on power systems remains
unclear. In [17], the stability of power networks with
electromechanical wave controllers installed is discussed.
In [19], the power system stabilizer is employed to mitigate
the electromechanical wave. It is hoped that future efforts
will reveal the relationship between the stability and these
controllers from the perspective of control theory.
The issue that to what extent the continuum model
accurately describes the behaviour of electromechanical
transients in power systems is still an open question. In
addition, it is possible that, through comparisons with other
fields, the continuum model can be understood from vari-
ous points of view. Recently, Nutaro and Protopoopescu
[18] and his co-workers discovered a phenomenon that the
delay of phase and frequency in power systems can be
explained by the classical swing equation and Kirchhoff
equation. It is expected that a further investigation on this
issue could provide some insight on the continuum model.
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